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ABSTRACT 


This Bulletin is the third report of results of 
warm-air heating investigations conducted in Warm 
Air Heating Research Residence No. 2, a one-story 
frame house with a full basement. This investiga- 
tion was made to study the application of warm- 
air perimeter heating to houses built over 
basements. In this type perimeter heating system 
the registers, or diffusers as they are called, all are 
located in the floor baseboard or low sidewall near 
the exposed walls and connected to the furnace 
through conventional duct systems. The perform- 
ance characteristics of a small-pipe warm-air per- 
imeter heating system are discussed and compared 
with the performance of other systems previously 
studied in the Residence. The warm-air perimeter 
systems studied in this investigation had 4-in. diam 
branch ducts and 214-in. by 14-in. floor diffusers. 
The diffusers were located in the floor along the 
exposed walls in high heat loss regions. The per- 
formance of the systems was considered with and 
without direct heat addition to the basement. 

The following general conclusions may be 
drawn from the results of the investigation: 

(1) The room-to-room temperature balance on the 
first story was not affected by the addition of 
heat to the basement. This was especially ap- 
parent in the bedrooms where the duct capaci- 
ties were less than the calculated room heat 
losses. 

(2) The addition of heat to the basement improved 
the room-air temperature differentials and 
eradients; however, since the differentials were 
small without direct basement heat addition, 
the improvements were also small. The major 
improvement in the room-air temperature dif- 
ferentials, attributed to heating the basement, 
occurred in the floor-to-sitting-level differential 
because of the panel heating effect of the warm 
floor. 

(3) The floor-surface temperatures were satisfac- 
tory without heat addition to the basement 
except near the exposed walls. However, when 
heat was added to the basement, the floor- 
surface temperatures in the region between 
the exposed wall and the area directly affected 
by the furnace bonnet increased with decreas- 
ing outdoor temperature. The floor-surface 


(4) 


(5) 


(6) 


(8) 


(9) 


temperatures at the perimeter were improved 
very little by adding heat to the basement. 
The air temperatures produced in the base- 
ment by supplying warm air from registers 
located in the ceiling was satisfactory for oc- 
casional occupancy, but the floor-level air 
temperatures and the floor-surface tempera- 
tures were lower than values considered satis- 
factory for extended occupancy. 

The total energy input to the Residence in- 
creased 12% when the basement was heated. 
The difference in performance of an individual- 
pipe system and an extended-plenum system 
was small when no heat was added directly to 
the basement. The extended-plenum system 
was slightly more expensive to operate because 
of the greater heat loss of the extended-plenum 
duct. 

The temperature differentials and gradients 
with the perimeter system were smaller than 
those experienced with the high-sidewall sys- 
tem under similar operating conditions. The 
living zone differentials differed by 1 to 3 F 
depending upon the outdoor temperature, but 
a greater difference was observed in the floor 
to ceiling differentials. While the latter are 
relatively unimportant from the standpoint of 
comfort, the smaller floor to ceiling differentials 
are favorable from the viewpoint of operating 
costs. The total energy consumption of the 
perimeter system was less than the high- 
sidewall system. 

The heat transmission upward through the 
first-story floor amounted to about 6% of the 
total basement heat input when the basement 
was not heated by direct admission of warm 
air and to about 20% of the total basement 
heat input when the basement was heated. 


Good agreement was found between the meas- 
ured temperature drop in 4-in. diam ducts and 
the temperature drop for 4-in. diam ducts 
obtained by extrapolation of data presented 
in Engineering Experiment Station Bulletin 
No. 351. The over-all duct transmission effi- 
ciencies for the unheated and heated basement 
conditions were 78 and 83%, respectively. 
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Il. INTRODUCTION 


1. Preliminary Statement 


This Bulletin is the third report of results ob- 
tained in Warm Air Heating Research Residence 
No. 2 and includes investigations conducted during 
the winters of 1952-53 and 1953-54. This Residence 
was built, furnished, and completely equipped spe- 
cifically for research in warm-air heating by the 
National Warm Air Heating and Air Conditioning 
Association. It was completed in June 1947, and 
it replaced the original Warm Air Heating Re- 
search Residence™* in which investigations of 
warm-air heating and summer cooling systems 
were conducted from 1924 to 1946. The results of 
the research conducted during 1947-1951 have been 
reported’) in Engineering Experiment Station 
Bulletins No. 401 and No. 427. 

This investigation was conducted under the 
terms of a cooperative agreement made in 1918 
between the Association and the University of Illi- 
nois Engineering Experiment Station. In this co- 
operative research agreement the Association is 
represented by its Research Advisory Committee. 
During the period of investigation reported, the 
Committee consisted of a total of twenty men: 


F. L. Meyer, Chairman; Meyer Furnace Company, 
Peoria, Ilinois. 

R. K. Becker, Ohio Valley Hardware Company, 
Inc., Evansville, Indiana. 

J. B. Burrowes, Lau Blower Company, Dayton, 
Ohio. 

T. A. Clark, National Warm Air Heating and Air 
Conditioning Association of Canada, Toronto, 
Ontario. 

K. T. Davis, Carrier Corporation, Syracuse, New 
York. 

G. W. Denges, The Williamson Company, Cincin- 
nati, Ohio. 

R. 8. Dill, National Bureau of Standards, Depart- 
ment of Commerce, Washington, D. C. (De- 
ceased ) 

E. R. Downe, C. A. Olsen Manufacturing Company, 
Elyria, Ohio. 


* Exponent numerals refer to corresponding entries in References. 


E. W. Gettinger, American Furnace Company, St. 
Louis, Missouri. 

R. A. Gulick, May-Fiebeger Company, Newark, 
Ohio. 

W. E. Hood, Carrier Corporation, Syracuse, New 
York. 

W. W. Johns, Johns & Son Furnace Company, 
Urbana, Illinois. 

Frank Lynn, Lennox Industries, Inc., Syracuse, 
New York. 

C. W. Nessell, Minneapolis-Honeywell Regulator 
Company, Chicago, Illinois. 

J. W. Norris, Lennox Industries, Inc., Marshall- 
town, Iowa. 

F. J. Nunlist, Mueller Climatrol, Division of 
Worthington Corporation, Milwaukee, Wis- 
consin. 

N. A. Palmer, Eureka-Williams Company, Divi- 
sion of Henney Motor Company, Inc., Bloom- 
ington, Illinois. 

H. F. Randolph, International Heater Company, 
Utica, New York. 


Q. J. Ress, Mueller Climatrol, Division of Worth- 


ington Corporation, Milwaukee, Wisconsin. 
H. Weyenberg, Holland Furnace Company, Hol- 
land, Michigan. 
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3. Scope of Investigation 


The success of the warm-air perimeter systems 
installed in basementless homes built over concrete 
slab floors led to the application of the perimeter 
concept of warm-air heating to homes built over 
basements. Conventional duct systems are used in 
these applications, but the warm-air registers are 
located at the perimeter of the residence either in 
the floor, baseboard or low sidewall. In perimeter 
heating systems the return-air grilles are located 
on inside walls or in the ceiling near inside walls. A 
single return-air grille has been found satisfactory 
for perimeter heating systems installed in most 
small homes. The resulting simplified return-duct 
system has lower pressure losses than systems pre- 
viously used; thus, more of the available pressure 
of the blower can be utilized to force the warm air 
through the supply ducts. As a result, smaller 
diameter supply ducts have been used with perim- 
eter heating systems. The smaller ducts, in addition 
to occupying less space and increasing the head 
room in basements, are more easily installed and 
generally require less material than ducts previously 
used. The information included in this Bulletin is 
the result of investigations of warm-air heating 
systems having warm-air registers located at the 
perimeter of the Residence and utilizing 4-in. diam 
ducts, hereafter referred to as small-pipe perimeter 
systems. 

The over-all objective of the investigations con- 
ducted in Research Residence No. 2 is to make 
thorough studies of the performance characteristics 
of warm-air heating systems, with emphasis on the 
evaluation of the comfort produced by these. sys- 
tems and the cost of producing that comfort. Since 
comfort is subjective, it was evaluated in terms of 
air temperatures. 

Specifically, the objectives of these investiga- 
tions were as follows: 

(a) To study the performance of a perimeter 
forced warm-air or winter air conditioning 
system having an individual-pipe duct 
system. 

(b) To study the performance of a perimeter 
forced warm-air or winter air conditioning 
system having an extended-plenum duct 
system and to compare the two systems as 
to general performance, relative comfort 
produced, and the cost of producing that 
comfort. 


(ec) To study the individual-pipe system with 
various amounts of heat introduced into the 
basement. ; 

(d) To compare the perimeter systems with the 
conventional high-sidewall system as te 
general performance, relative comfort pro~ 
duced, and cost. ; 

(e) To determine the heat loss in 4-in. diam 
ducts. 


4. Glossary 


Air-flow rate — The rate of circulation of air in cu 
ft per min (cfm). Unless otherwise stated, all 
cfm values are for standard air density of 
0.075 lb per cu ft. 

AST — Average surface temperature, the average 
value of the surface temperatures of the walls, 
ceiling and floor, weighted on an area basis. — 

Balance of room-air temperatures — Uniformity in ~ 
room-air temperatures between different rooms — 
served by a single room thermostat, as meas- 
ured at the 30-in. level. : 

Blower — A centrifugal fan. The warm-air heating 
industry uses the term to distinguish centrifu-— 
gal fans from propeller fans. : 

Blower cycle—One complete cycle of operation — 
from the time the blower begins operation until — 
it begins a second operation, following an off- — 
period. 

Bonnet capacity — The heat output of the furnace 
available at the bonnet in Btuh for a specified 
air-temperature rise through the furnace. 

Bonnet efficiency — The ratio of the bonnet capac- 
ity to the heat liberated in the furnace by the 
burner, also expressed as a percentage. For 
gas-fired forced-air furnaces approved by the 
American Gas Association, the rated bonnet 
efficiency is 80%. 

Breathing-level temperature — Temperature of 
room air measured at a level 60 in. above the 
floor. 

Burner cycle—One complete cycle of operation 
from the time the burner begins operation until 
it begins a second operation, following an off- 
period. 

Ceiling-level temperature — Temperature of room 
air measured at a level 4 in. below ceiling. 

Continuous blower operation — A method of blower 
operation in which continuous operation is ap- 
proached in average winter weather but inter- 
mittent operation is obtained in mild weather. 
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Design heat loss — The calculated heat loss for a 
given space based on outdoor design conditions 
for the locality. In the text the outdoor design 
conditions are assumed as —10 F and 15 mph 
wind velocity. 

Diffuser, floor —A floor outlet is referred to as a 
floor diffuser when the front vanes are deflected 
progressively from 0 deg at the center to about 
42 deg at the ends. 

Duct transmission efficiency —The ratio of the 
register delivery to bonnet capacity, also ex- 
pressed as a percentage. 

Extended-plenum duct — A trunk duct that is uni- 
form in size along its entire length. 

Extended-plenum system—In this Bulletin the 
term refers to a forced warm-air perimeter 
heating system which utilizes an extended- 
plenum duct, in contrast to an individual pipe 
system. 

Floor-level temperature — Temperature of room air 
measured at a level 4 in. above the floor. 

Fuel consumption — The consumption of fuel per 
24 hr. For gas-fired equipment the units are in 
terms of cu ft of gas per 24 hr. 

Fuel-input rate—The rate of heat liberation in 
the furnace by the burner, expressed in Btuh. 

Furnace bonnet — A central plenum, or collecting 
chamber, usually located above the furnace, in 
which the heated air is mixed before distribu- 
tion to the duct system. 

Furnace casing — The jacket or enclosure surround- 
ing the furnace. In forced-air furnaces the cas- 
ing is often insulated. 

Heated basement — Term used when warm air is 
introduced into the basement through registers 
in addition to the heat gain from furnace bon- 
net, furnace casing, ducts and flue pipe. See 
Unheated basement. 

High-sidewall heating system —In this Bulletin 
the term refers to a forced warm-air heating 
system in which the heated air is delivered to 
the rooms from registers located high on the 
inside walls. This system is frequently termed 
a conventional system or, as in a previous 
publication, a convection heating system. 

Individual-pipe system — A forced warm-air heat- 
ing system in which each register is directly 
connected to the furnace bonnet by means of 
a single duct. In this Bulletin the term refers 
to a perimeter heating system. 


Indoor-outdoor temperature difference —The dif- 
ference in temperature between indoor air and 
outdoor air. Large temperature differences de- 
note cold weather, small temperature differ- 
ences indicate mild weather. 

Intermittent blower operation —A term used to 
designate a method of blower operation in 
which on-periods and off-periods occur at reg- 
ular frequencies during normal operation of 
the system. 

Living zone —The space in a room between the 
floor level and the breathing level. 

Panel effect — A heat transfer effect similar to that 
obtained from a panel heating system, in which 
warmed surfaces transmit heat by radiation to 
cooler surfaces and by convection to cooler air 
next to the panel surfaces. 

Perimeter heating system—A forced warm-air 
heating system in which the warm air is sup- 
plied to the rooms from supply outlets located 
near points of high heat loss, such as windows 
and exposed walls. 

Register delivery — The heat available at the regis- 
ters, in Btuh. This is based on the air-flow rate 
through the registers and the difference be- 
tween register-air temperature and the air 
temperature at the return-air intake. 

Sitting-level temperature — Temperature of room 
air measured at a level 30 in. above floor. 

Temperature differential, room-ar—The differ- 
ence in air temperature in a room at two eleva- 
tions. Usually the sitting level, 30 in. from 
floor, is considered as the reference level. 

Temperature gradient, room-air — A graphic repre- 
sentation of air temperatures existing at 
several levels in a room at one station. 

Thermostat differential setting — An adjustable set- 
ting in the room thermostat which governs the 
degree of fluctuation in room-air temperature 
at the thermostat. 


Total heat-input rate — The sum of the fuel-input 
rate to the furnace and the rate of heat input 
from lights and other household appliances. 


Unheated basement — Term used when no heated 
air 1s delivered to basement through registers, 
although heat regains from the furnace casing, 
furnace bonnet, ducts, and flue pipe heat the 
basement air to some extent. 


Il. DESCRIPTION OF EQUIPMENT AND PROCEDURE 


5. Research Residence No. 2 


The Residence, which is shown in Fig. 1, is a 
one-story structure of frame construction with a 
full basement. A detailed description of the Resi- 
dence was presented) in Engineermg Experiment 
Station Bulletin No. 401. A summary of the con- 
struction data, room dimensions and heat loss 
calculations is given in Table 1. The calculated heat 
loss of the first-story rooms for design temperatures 
of —10 F outdoors and 70 F indoors was 31,047 
Btuh. The calculated heat loss of the basement for 
the same design temperature difference was 26,285 
Btuh, making the total calculated heat loss of the 
Residence 57,332 Btuh. 


Fig. 1. 


Warm Air Heating Research Residence No, 2 


The Residence contained several special con- 
struction features including open-web steel ceiling 
joists. In previous heating investigations ceiling 
construction consisted of 3/16-in. cement-asbestos 
boards bolted to the bottom of the steel joists with 
14-in. gypsum boards placed on top of the joists 
to form a ceiling panel. Mineral wool batt-type 
insulation 354-in. thick was placed on top of the 
gypsum boards. During this investigation the gyp- 
sum boards were removed, and the insulation batts 
were placed between the joists upon the cement- 
asbestos ceiling. An additional 2-in. thickness of 
loose fill type mineral wool insulation was poured 
on top of the batts to offset the high thermal con- 
ductivity of the steel joists which pierced the in- 
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sulation. The over-all coefficient of heat transmis- — 
sion, U, for this ceiling was 0.07 Btuh per sq ft (F). 

Unless otherwise noted the Residence was com- 
pletely furnished and occupied by a family of two 
adults, and all observations were made under nor- 
mal living conditions. 


6. Heating Systems 


The warm-air distribution systems used in these 
investigations had 4-in. diam branch ducts and 
2%-in. by 14-in. floor diffusers located under the 
windows. A single, centrally-located return-air 
erille was used to return air from the first story 
to the furnace. 


Table 1 
Data on Research Residence No. 2 


A. Heat Transmission Coefficients, Btuh per sq ft (F) U 
Insulated Frame Wall, with 354 in. mineral wool insulation 
Insulated Ceiling, with 35 in. mineral wool insulation 
Outside Doors, equipped with storm doors 
Windows, equipped with storm sash 
Fixed Window in Living Room, double glass 
Basement Wall Above Grade, 8-in. Haydite block 
Basement Wall Below Grade, 8-in. Haydite block 
Basement Floor, concrete in contact with ground 


B. Infiltration Factors, cu ft per hr (ft of crack) ay 
Door, weatherstripped and equipped with storm door 
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Window, weatherstripped 24 
Fixed Window in Living Room 14 
C. Room Dimensions, Floor Area, Volume, and Design Heat Loss 
Room Internal Dimensions Floor Volume,* Design> 
Area, Cu ft Heat Loss, 
Ft In.xFt In. sq ft Btuh 
Living Room 21 0: 918* a4: 292.0 2,480 9,510 
South Bedroom Ia, "4: 12 0 155.5 1,325 5,598 
and 4 0) Lees 
South Bedroom 
Closets (2) 4 6 Le 17.4 147 (4) 
Bath TS) 9 aes eu 38.0 320 1,453 
North Bedroom Il) dd, 10° 4 123.3 1,050 5,620 
North Bedroom 
Closet 6-10 2 4 13.6 116 (4) 
Hall to Bath OF it ee 34.0 289 (4) 
Front Hall TL NG he es 52.6 448 2,826 
Front Hall 
Closet At 0) 2k 9.3 79 (4) 
Kitchen-Dinette 19 O 11 4 215.0 1,830 6,040 
Total (First Story) 950.7 8,084 31,047 
Basement 23. «+67 25° 3 
and 28: 6.147 8. 1,100 8,890 (°) 
Total 2,051 16,974 57,332 


«Room volumes based on internal dimensions of rooms and include 
cabinets and closets. 

» Heat loss calculations based on factors from 1950 edition of Manual 3 
of National Warm Air Heating and Air Conditioning Association, and 
indoor-air temperature of 70 F and outdoor temperature of -10 F. 

¢ For basement-air temperature of 70 F, design heat loss amounts to 
26,285 Btuh. When no attempt was made to heat basement, as in 1952-53 
heating season, the basement-air temperature was assumed to be 60 F and 
the design heat loss was 21, 300 Btuh. 

4 Heat loss for these rooms included with larger adjoining rooms. 
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Table 2 
Duct Systems Investigated and Number of Warm Air Outlets 


Series Season Duct System No. of Warm-Air Outlets 
First Story Basement 

F-ll 1952-53 Individual Pipe 8 0 

F-13 1952-53 Extended Plenum 8 0 

F-21 1953-54 Individual Pipe 6 3 

F-24 1953-54 Individual Pipe 6 B 


The number of diffusers used on the first story 
and in the basement and the type of distribution 
system used in each investigation are given in 
Table 2. The location of the eight floor diffusers on 
the first story during the 1952-53 investigations is 
shown on the floor plan of Fig. 2. 

The furnaces used during the heating investiga- 
tions were of the gas-fired hi-boy type. Natural 
gas having a calorific value of 1000 Btu per cu ft 
was used as the fuel. The fuel-input rate desired 


key: 


Garage 


WA - Worm Air (e) 
RA - Return Air 
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during each investigation was obtained by chang- 
ing the burner orifices and adjusting the burner 
manifold pressure at the pressure regulator of the 
furnace. 

The room thermostat, which was located at the 
30-in. level in the entrance hall (see Fig. 2), was 
set to maintain 72 F at the 30-in. level. The thermo- 
stat differential was adjusted to obtain 3 to 4 min 
burner on-periods during average winter weather. 


7. Instrumentation 


Approximately 210 copper-constantan thermo- 
couples were used to measure temperatures. 
Thermocouples for measuring air temperatures 
were installed at four levels in each room at loca- 
tions shown in Fig. 2. Thermocouples were also 
provided for measuring temperatures in the attic 


Thermocouple standards 
== Worm air outlets, 244" x /4" 
floor diffusers 


° 


Kitchen - Dinette 
/9°-O"'x Il-4" 


Living Room 


21-10" |3-4" 


12"x 24" RA 


le) 


South Bedroom 
[3'-3"x 13-4" 


North Bedroom 
/I=11"x 10-4" 
fe) 


wal 


Fig. 2. First Story Plan of Residence 


12 ILLINOIS ENGINEERING EXPERIMENT STATION 


and basement; on the surfaces of the floor, ceil- 
ing and walls; in the duct system; and at other 
desired points inside and outside the Residence. 
The thermocouples were connected through switch 
panels to an indicating potentiometer. By means 
of recording potentiometers a continuous record 
could be made of the temperatures at 18 stations. 
A recorder located near the thermostat in the en- 
trance hall was used to obtain the relative humidity 
of the living space. The recorder was calibrated 
frequently with a sling psychrometer. 

Flue gas temperatures upstream from the draft 
hood were recorded continuously by means of a 
recording thermometer. The CO. content of the flue 
gas at the outlet of the heat exchanger was periodi- 
cally measured with an Orsat analyzer which 
sampled the flue gases ahead of the draft hood. 
Self-starting electric clocks were used to obtain 
the operating times of the burner and blower. The 
electrical energy consumed by the furnace blower 
and the total electrical energy to the house were 
metered separately. The gas consumed by the fur- 
nace and that used for cooking and water heating 
were measured on separate gas meters. 


The air-flow rate for each system was deter- 
mined by means of a vane-type anemometer in- 
stalled in the return duct and calibrated in place®?. 


8. General Procedure 


Either continuous or periodic records were made 
of all significant temperatures. Complete daily 
records were made of the operating time, the num- 
ber of cycles of operation, the electrical consump- 
tion of the blower motor, and the total electrical 
consumption for the Residence. The gas consumed 
by the furnace and that for household purposes 
were also recorded daily. 

For the purpose of making comparisons, studies 
were conducted for a period of several weeks. Thus, 
the performance characteristics of each system were 
obtained over a wide range of weather conditions. 

Comfort depends on a large number of factors, 
such as air temperatures, surface temperatures, 
relative humidity, and air movement, as well as 
a number of more subjective items, such as odor, 
noise, and dust content. Since it was not possible 
to evaluate all of these items, emphasis was placed 
on air temperatures and surface temperatures. 


lll. PERFORMANCE OF SMALL-PIPE PERIMETER HEATING SYSTEM 
WITH NO HEAT ADDED TO BASEMENT 


9. System Investigated 


A preliminary investigation of a system em- 


ploying 4-in. diam ducts and 214-in. by 14-in. floor 


diffusers was made during the winter of 1950-51. 
In this system individual ducts carried the warm 
air from the furnace bonnet to six diffusers located 
under the windows. Warm air was supplied to each 
bedroom by a single 4-in. diam duct even though 
it was known at the time that the register capaci- 
ties of these ducts were less than the respective 
design room. heat losses. Considerable difficulty 
was experienced in obtaining satisfactory room-to- 
room temperature balance with this system because 
the temperature in the bedrooms would not be 
raised to within 1 to 2 F of the temperatures in the 
other rooms. The system was, therefore, re-designed 
in accordance™ with Manual 10 of the National 
Warm Air Heating and Air Conditioning Associa- 
tion before beginning the 1952-53 heating investi- 
gation. The duct layout of the individual-pipe 
system used in this investigation (Series F-11) is 
shown on the basement plan of Fig. 3. The eight 
warm-air ducts used to heat the first story were 
equipped with butterfly dampers located near the 
bonnet to facilitate balancing the system. 

The single return-air intake, located in the 
entrance hall, consisted of a 24-in. by 6-in. base- 


First floor 
opening 
24"x 12" RA 


1952-53 heating season 

Series F -// 

Fig. 3. Basement Plan Showing Duct Layout 
(Unheated Basement) 
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board grille (free area of 90 sq in.) and a 24-in. 
by 8-in. floor grille combination (free area of 151 
sq in.). The return-air opening in the floor, which 
was 24 in. by 12 in., was reduced to 20 in. by 12 
in. below the floor. The return-air duct was of con- 
stant size to the return-air side of the furnace. The 
baseboard grille used in this combination had been 
used during previous heating investigations, but it 
was too small to be used as a central return. The 
floor grille was added because a minimum of struc- 
tural change was required for installation. 


10. Experimental Conditions 


The conditioned space consisted of all first- 
story rooms, and no heat was added directly to 
the basement. However, the vagrant heat losses 
from the furnace, ducts, smoke pipe, and heat pro- 
ducing appliances maintained the basement tem- 
perature above 60 F in severe weather. The calcu- 
lated basement heat loss for an indoor design 
temperature of 60 F and outdoor design tempera- 


_ture of —10 F was 21,300 Btuh. 


The fuel-input rate was set at 46,000 Btuh. This 
value corresponds to the calculated first-story heat 
loss divided by the product of the assumed bonnet 

31,047 
030x085; *D 
though this input was appreciably less than the 
90,000 Btuh normal rated input of the furnace used 
in the investigation, no difficulty from flame failure 
was experienced. 

The air-flow rate was set at 340 cfm, the rate 
required to obtain a 100 F air temperature rise in 
the furnace with clean filters in place. The fan 
switch was set to cut on at 100 F and cut off at 
80 F. Thus, the system adjustments conformed to 
the principle of circulating air almost continuously 
as outlined® in National Warm Air Heating and 
Air Conditioning Association Manual No. 6. 


and duct transmission efficiencies 


11. Uniformity of Room-Air Temperatures 


at the Sitting Level 
The problem of unsatisfactory balance encoun- 
tered with the preliminary small-pipe system, 
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which had under-sized ducts in each bedroom, was 
overcome by the addition of one more 4-in. branch 
duct to each of the bedrooms. The system was bal- 
anced to provide a uniform temperature at the 
sitting level at 6:00 a.m., the time at which com- 
parative data were taken. The final adjustment 
provided maximum temperature differences be- 
tween rooms of 1 to 2 F with the bedrooms having 
the higher temperatures. Further adjustment of the 
dampers in the bedroom ducts would have reduced 
this temperature difference; however, since only 
minor adjustments were needed and the system had 
responded rapidly to balancing, no further adjust- 
ment of the dampers was made. 

As shown on the duct layout, the kitchen was 
not heated directly during this investigation. 
Heated air moved to the kitchen only by free con- 
vection from the dinette and living room. Con- 
sequently, the kitchen air temperature was gen- 


Table 3 


Room-to-Room Temperature Balance at the 
Sitting Level (Unheated Basement) 


Outdoor Wind Wind Room-Air Temperatures at Max 
Air Veloc- Direct- Sitting (30) Level, F Diff., 
Temp., ity, tion E WwW Ss N Din. F 
F mph LRm LRm BRm BRm 
34.6 3 North 72.1 72.4 74.0 73:9 7274 See 
32.0 10 North 72.0) 24 73.8) “TSE8 > (2. teens 
32.0 15 North 71.9 72.2 73.2 72.9 72.0 1.3 


erally 1 F lower than the temperature of the dinette 
and living room. Since this condition could not be 
improved without overheating of the dinette and 
living room, the kitchen was excluded from the 
comparisons of temperature balance. 

Even though a heating system has been bal- 
anced to provide satisfactory room-air tempera- 
tures during average winter weather, the tempera- 
ture differences between rooms may vary with 
changes in weather conditions. The infiltration of 
outdoor air causes to a large extent the variations 
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Fig. 5. Average Room-Air Temperature Differentials 
(Unheated Basement) 


in the temperature differences between rooms. The 
temperatures experienced at the 30-in. level in each 
room at three wind velocities are given in Table 3. 
The increased infiltration which occurred in the 
bedrooms on the west end of the Residence, as a 
result of an increase in wind velocity, caused an 
improvement in balance in this investigation. If 
the bedrooms had been underheated initially, the 
temperature difference between rooms would have 
increased. 

The results indicate that satisfactory tempera- 
ture balance can be obtained with a small-pipe 
distribution system provided each warm-air duct 
is equipped with a damper for adjusting the air 
flow. Systems which use one size of pipe, such as 
the one investigated, generally do not tend to be 
self-balancing as some over-sizing must occur if 
the design room heat loss is to be satisfied in all 
rooms. 


12. Room-Air Temperature Differentials 


The room-air temperatures measured at four 
levels in each room at two outdoor temperatures 
have been depicted as temperature gradients in 
Fig. 4. A vertical line in the living zone (4 in. to 
60 in. level) would represent the optimum tem- 
perature condition because it would indicate equal 
air temperatures at these levels. The temperature 
gradients were obtained at 6:00 am. when the 
effects of sun and occupancy were at a minimum, 
which has been shown previously”? to be the most 
severe condition encountered by the heating system. 

The average temperature differentials at three 
levels, representing the difference in temperature 
between each level and the sitting level, are shown 
in Fig. 5 for a wide range of weather conditions. 
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These differentials were also measured at 6:00 a.m. 
and represent maximum values for the purpose of 
comparing performance of various types of systems. 
From Figs. 4 and 5 it can be seen that approxi- 
mately two-thirds of the temperature differential 
in the living zone occurred between the floor and 
sitting levels. For example, when the indoor-outdoor 
temperature difference was 40 F, the temperature 
difference from the floor to sitting level was 1.9 F 
of the total 2.7 F difference in the living zone. The 
floor-level temperature differential increased 0.3 F 
for each 10 F decrease in outdoor temperature. The 
differential at the breathing level increased 0.2 F 
for each 10 F decrease in outdoor temperature. 
Thus, a change of 0.5 F in the living zone differ- 
ential occurred with each 10 F change outdoors. 
The ceiling-level temperature differentials were 
generally not more than 0.5 F greater than those 
for the breathing level. When considering the com- 
fort in a space, the ceiling-level temperatures are 
relatively unimportant unless excessively high. If 
the cost of producing comfort is considered, the 
ceiling-level temperatures are important because of 
their effect on the heat loss through the ceiling and 
upper sidewalls. Small ceiling-level temperature 
differentials are favorable from an operating cost 
standpoint. The small temperature differential from 


‘the sitting to ceiling levels was a result of intro- 


ducing the heated air from diffusers at the exposed 
walls. Through induction of room air and mixing 
of the supply air with cool downdrafts from the 
windows and exposed walls, the supply-air tem- 
perature was quickly reduced to a value near room- 
air temperature, thus decreasing stratification. 


13. Floor-Surface Temperatures 

The floor-surface temperatures at 19 locations 
on the floor and the approximate floor-surface 
temperature isotherms are shown in Fig. 6 for a 
night when the outdoor temperature was 32 F. The 
isotherms divide the floor surface into three areas, 
the furnace, middle, and edge areas. The tempera- 
tures at each measuring station within a given area 
responded in a similar fashion to changes in out- 
door temperature. The effect of outdoor tempera- 
ture on the floor-surface temperature at one station 
in each area is shown in Fig. 7. In the furnace area, 
the area directly above the furnace bonnet, the 
floor-surface temperatures increased as the outdoor 
temperature decreased. As the bonnet-air tempera- 
ture, and thus the air temperature beneath the floor, 
increased with decreased outdoor temperature, the 
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Fig. 6. Floor-Surface Isotherms (Unheated Basement) 


heat transmission through the floor and the floor- 
surface temperatures increased. 

In the middle area of the Residence, the floor- 
surface temperatures were influenced to a consider- 
able extent by heat losses from the branch ducts 
and to a lesser extent by the exposed wall and 
furnace bonnet. The floor-surface temperatures 
varied only slightly with changes in outdoor tem- 
perature. At the location shown in Fig. 7, the tem- 
perature remained nearly constant at 70.2 F. Since 
the middle area includes the major portion of all 
rooms except the kitchen, the temperatures here 
affect comfort to a considerable degree. The heat 
transfer through the floor in this area, though less 
in magnitude than that over the furnace, was up- 
ward through the floor during design weather and 
was negligible during average weather. 

In the edge area, the floor-surface temperatures 
decreased with decreases of outdoor temperature. 
The heat loss through the floor and the effects of 
the exposed wall predominated. However, in re- 


gions close to the supply outlets, the floor-surface 
temperatures were the same as in the middle area. 
The desirability of placing supply outlets along 
each exposed wall can be seen by comparing the 
floor-surface temperatures at the east and west 
ends of the Residence (Fig. 6). A wide band of low 
floor-surface temperatures existed along the east 
wall, which had no supply outlets. Along the west 
wall, which had two supply outlets, the floor- 
surface temperatures were above 70 F except in the 
exposed corner. Therefore, when the basement was 
not heated by direct admission of warm air, the 
location of supply outlets along each exposed wall 
tended to reduce the cold floor area near the wall. 
This does not imply, however, that it would always 
be desirable to place one register on each wall in 
rooms having two exposures when only two reg- 
isters are needed. In rooms having large glass areas, 
such as the living room of the Research Residence, 
more comfort may be obtained if the registers are 
located under the windows to counteract the cool 
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downdrafts of air moving down the window sur- 
faces. It will be noted on Fig. 6 that one of the 
coolest areas of the floor occurred immediately in 
front of the fixed picture window, a result of the 
cool air moving down the window between the 
diffusers even though the diffusers blanketed most 
of the window area with warm air. Some judgment 
must be exercised when determining the proper 
location for perimeter supply outlets. The preferred 
location would be under windows, with additional 
outlets located along other exposures to provide 
uniform floor-surface temperatures. 


14. Performance of Burner and Blower 


The performance characteristics of the furnace 
and blower are shown in Fig. 8 for the range of 
weather conditions experienced during the investi- 
gation. No attempt was made to select data for 
days having similar wind velocities and directions, 
solar intensities, or internal heat gains. The curves 
represent average values for the conditions of 
operation. The scatter of the points from the aver- 
age curve was a result of variations in these factors, 
and much of the scatter was attributed to internal 
heat gains generated as a result of occupancy. 
Frequent and long periods of oven usage caused the 
furnace to be inoperative on many days when it 
would have otherwise operated. 

If the average curves of Fig. 8 are extrapolated 
to design conditions, a design fuel consumption of 
860 cu ft per day would be indicated. This repre- 
sents an average heat-input rate of 35,800 Btuh 
based on the use of natural gas having a heating 
value of 1000 Btu per cu ft. Since the input rate of 
the furnace was set at 45,500 Btuh, a considerable 
amount of reserve capacity is indicated. However, 
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Fig. 7. Effect of Indoor-Outdoor Temperature Difference on 
Selected Floor-Surface Temperatures (Unheated Basement) 
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(Unheated Basement) 


if the total heat input from lights, appliances and 
the furnace is considered, the total energy input to 
the Residence at design conditions was equivalent 
to 1060 cu ft of gas per day. This corresponds to an 
average heat-input rate of 44,000 Btuh, which 
would indicate that in severe weather little or no 
reserve furnace capacity would exist when vagrant 
internal heat gains were small. A method for 
selecting furnace capacity which will result in an 
economical furnace selection has been presented"? 
in a previous report. 

With the fan controls adjusted in conformance 
with the continuous air circulation principle®, the 
blower operated continuously on days having out- 
door temperatures less than 380 F except when 
vagrant heat gains maintained the control tem- 
perature. The total system air-flow rate was set at 
340 cfm during the investigation, the value calcu- 
lated to produce a 100 F temperature rise through 
the furnace with the burner and blower operating 
continuously. When the burner did not operate con- 
tinuously, the average air temperature rise was less 
than 100 F, and the bonnet temperatures were less 


18 ILLINOIS ENGINEERING EXPERIMENT STATION 


than the design value of 170 F. Figure 8 shows that 
the average bonnet temperature would have been 
approximately 135 F at design conditions. 

As was mentioned above, in the design of small- 
pipe perimeter air distribution systems, approxi- 
mately three-fourths of the available static pres- 
sure at the blower is used to force air through the 
supply ducts and one-fourth is utilized in the re- 
turn. This is permissible since it has been found 
that a simple return system will usually suffice in 
perimeter heating systems. The observed pressure 
loss in the supply and return duct systems used in 
this investigation were 0.107 and 0.016 in. of water 
gage, respectively, with the total air-flow rate of 
340 cfm. Thus, the total external pressure loss on 
the blower of 0.123 in. of water was considerably 
less than the design pressure loss of 0.20 in. The 
deviation of actual pressure loss from the design 
value was a result of over-sizing the ducts to the 
bedrooms. If the temperature balance had been im- 
proved by further dampering of the bedroom ducts, 
as suggested earlier, the supply pressure loss would 
have increased, but later study indicated the design 
value would not have been exceeded. 

In addition to the pressure loss consideration, 
the velocity of the air moving through the ducts 
and registers must also be considered in the design 
of small-pipe distribution systems. Because of the 
effect of air velocity on quietness of operation, it is 
generally recommended’? that the branch duct 
velocities be approximately 600 fpm in residential 
heating systems, and that they do not exceed 1000 
fpm. The average branch duct air-flow rate in this 
study was 42.5 cfm, equivalent to a duct velocity 
of 487 fpm. The actual velocities ranged from 259 
fpm in the bathroom duct to 550 fpm in the west 
living room and north bedroom ducts and were 
below those recommended for quiet operation. 

From a subjective viewpoint, the occupants did 
not observe any objectionable air noise at the floor 
diffusers. Some of the noise generated by the rotat- 
ing parts of the fan was transmitted through the 
return-air duct. The noise was noticeable in the 
vicinity of the return-air grille. Because a direct 
and simple return-air duct will provide little at- 
tenuation of any sound generated by the fan, it 
may be necessary in some cases to provide means 
of absorbing the noise transmitted by the return. 
Flexible duct connections at the furnace inlet and 
the application of sound absorptive material within 
the ducts have been used with some degree of suc- 
cess to reduce the noise transmitted by the ducts. 
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Fig. 9. Basement Plan Showing Extended-Plenum Duct Layout 
(Unheated Basement) 


15. Comparison of Individual-Pipe and 
Extended-Plenum Systems 


Subsequent to the study of the individual-pipe 
or duct-connected system, an extended-plenum 
trunk duct was used to supply warm air to the five 
registers located west of the furnace bonnet. The 
duct layout for this system is shown on the base- 
ment plan of Fig. 9. The extended plenum, which 
was sized by the simplified method given™ in 
Manual 10 of the National Warm Air Heating and 
Air Conditioning Association, was 12 by 8 in. and of 
constant size from the furnace bonnet to the last 
branch takeoff. The branch ducts were taken off 
the top and sides of the plenum by means of fit- 
tings especially designed for this application. The 
three remaining branch ducts and the return-air 
system were the same as those used in the imdi- 
vidual-pipe system. The experimental conditions 
and the control adjustments were also the same as 
those used with the individual-duct system. 

To obtain satisfactory room-air temperature 
balance with the extended-plenum system, the 
dampers were completely closed in the ducts sup- 
plying the west registers in the north and south 
bedrooms. The maximum observed room-to-room 
temperature difference at the sitting level was 1.8 
F, but generally, the temperature difference be- 
tween rooms was less than 1.5 F. These differences 
are comparable to those obtained with the indi- 
vidual-duct system. 

The difference in overall performance of the 
two distribution systems was small, as shown by 
the summary of average data given in Table 4. 
Small differences in room-air temperature differ- 
entials were observed, with the extended-plenum 
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providing the smaller differentials. The largest dif- 
ference occurred in the floor-to-sitting-level differ- 
ential. This was attributed to increased heat trans- 
mission through the floor rather than a change in 
air distribution. It will be noted in items 2, 3 and 
4 of the table, that the floor-surface and underside 
floor-surface temperatures, and the air temperature 
4 in. below the floor were higher when the extended 
plenum (Series F-13 )was used. This resulted in 
increased panel effect which in turn would reduce 
the temperature difference between the floor and 
sitting levels. 

The difference in air temperatures below the 
floor is indicative of larger vagrant heat losses from 
the extended-plenum system. In addition to in- 
creasing the heat transmission through the floor, 
the higher basement-air temperatures would cause 
the basement heat loss, and the fuel consumption, 
to be greater with the extended-plenum system. 
The increase in fuel consumption was approxi- 
mately 7.4 % when the outdoor temperature was 
0 F. Since the furnace fuel consumption to some 
extent depends upon the activities of the occupants, 
the heat generated by lights and appliances during 
a given test period will influence a comparison of 
costs based on average data and should be con- 
sidered. The total energy input to the Residence, 
including the energy to the furnace, lights, and 
appliances, was 2% higher for the extended-plenum 
system. On this basis, it would be concluded that 


Table 4 


Comparison of Results Obtained with Individual-Pipe 
and Extended-Plenum Duct Systems 


Average Series 
Indoor-Outdoor f-11 F-13 
Temp. Diff., 
F 


1. Average Room-Air Temp. Diff., F 


Floor to Sitting Level 40 1.9 1.6 
Floor to Breathing Level 270 2.4 
Floor to Ceiling Level 3.0 2.8 
Floor to Sitting Level 70 2.7 2.0 
Floor to Breathing Level ato) 3.8 
Floor to Ceiling Level 4.4 4.3 
2. Average Floor-Surface Temp., F 40 70.7 70.9 
70 70.4 70.9 
3. Average Underside Floor Surface 40 70.8 ah 
Temp., F 70 71.4 72.1 
4. Average Air Temp. 4” Below Floor, F 40 71.9 72.9 
70 73.2 75.0 
5. Average Ceiling Surface Temp., F 40 70.5 70.3 
70 69.3 69.0 
6. Fuel Consumption, cu ft per day 40 410 410 
70 745 800 
7. Average Flue Gas Temp., F 40 193 196 
70 255 266 
8. Average Bonnet Temp., F 40 103 107 
70 123 130 
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Table 5 


Comparison of Results Obtained with Perimeter and 
High Sidewall Register Systems (Unheated Basement) 


Indoor- Series 
Outdoor Perim- High 
Temp. eter Wall 
Diff., F-i1 A-11 
PE 
1. Average Room-Air Temp. Diff., F 
Floor to Sitting Level 40 1.9 1.9 
Floor to Breathing Level 2at 4,2 
Floor to Ceiling Level 3.0 9.4 
Floor to Sitting Level 70 Qa 2.6 
Floor to Breathing Level 3.9 6.9 
Floor to Ceiling Level 4.4 17.6 
2, Average Floor-Surface Temp., F 40 1027 70.0 
70 70.4 69.3 
3. Average Underside Floor-Surface Temp., F 40 70.8 69.2 
70 71.4 68.3 
4. Average Air Temp. 4 in. Below Floor, F 40 (leg) en 
70 Tez 71.8 
5. Average Ceiling Surface Temp., F 40 70.5 Tat 
70 69.3 74.5 


the difference in operating cost of the two systems 
would have been less than 7% if the effects of 
occupancy had been similar during the period of 
each investigation. 

As was mentioned in the discussion of room- 
air temperature balance, the dampers in the branch 
ducts supplying the west registers in the bedrooms 
were closed to achieve more satisfactory balance 
conditions. With the system so balanced and with 
a total air-flow rate of 322 efm, the pressure loss 
in the supply-duct system was 0.149 in. of water 
gage and in the return-duct system, 0.016 in. The 
greater pressure loss of the extended-plenum sys- 
tem was a result of using only one branch duct in 
each bedroom. If the duct-connected system had 
been balanced to the same degree, the pressure loss 
would have approached that of the extended- 
plenum system. 

It can be concluded, in general, that little dif- 
ference in performance of the individual-pipe and 
extended-plenum systems would exist in smaller 
homes such as the Residence used in these investi- 
gations. In systems requiring longer branch ducts, 
the low pressure loss of the extended plenum would 
be an advantage since it could reduce the number 
of branch ducts required to satisfy the heat losses 
of rooms some distance from the furnace. 


16. Comparison with High-Sidewall System 


During a previous heating season, the perform- 
ance of a system utilizing warm-air registers 
located high on the inside walls was investigated, 
and the results reported’ in Engineering Experi- 
ment Station Bulletin No. 401. The experimental 
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conditions for the investigation were the same as 
those in the studies reported here. The Residence 
was occupied by a family of two adults in both 
studies. However, since the same family did not oc- 
cupy the Residence during both investigations, some 
differences in activities and effect of occupancy oc- 
curred. Comparative average data obtained in the 
two investigations are listed in Table 5. 

It is interesting to note that the temperature 
differentials from the floor to sitting levels (Table 
5, item 1) were approximately the same for both 
methods of air distribution. It has been shown in a 
previous report? for high-sidewall heating systems, 
and will be shown in the section on perimeter 
heating systems, that the floor-to-sitting-level tem- 
peratures are influenced to a considerable extent by 
the floor-surface temperatures and heat transmis- 
sion through the floor. The floor-surface tempera- 
tures in turn depend upon the vagrant heat gains 
to the basement from furnace, smoke pipe, ducts, 
ete., when heat is not directly admitted to the 
basement through registers as in these studies. 

The average floor-surface and underside floor- 
surface temperatures and average air temperature 
4 in. below the floor were generally higher for the 
perimeter system (Series F-11) than for the high- 
sidewall system (Series A-11). (See Table 5, items 
2, 3, 4) This would be anticipated since in the case 
of the perimeter system the entire heat loss from 
the supply ducts would enter the basement, where- 
as some of the heat loss from the high sidewall 
supply ducts would enter the conditioned space as 
heat regains from the wall stacks. However, the 
differences in floor-surface temperatures were small 
and thus their effect on the floor-to-sitting-level 
temperature differentials was also small. 

A pronounced difference in the floor-to-breath- 
ing-level (living zone) temperature differential was 
observed for the two systems. With the perimeter 
system the living zone differential was 3.9 F at an 
indoor-outdoor temperature difference of 70 F (0 F 
outdoors), and the change in the living zone differ- 
ential for each 10 F change outdoors was about 
0.5 F. In the ease of the high-sidewall system, the 
living zone differential was 6.9 F at 0 F outdoors, 
and the differential changed about 1 F for each 
10 F change outdoors. The smaller differential and 
the lower rate of change of the differential for the 


perimeter system represents a more satisfactory ; 
comfort condition. 

Although the small floor-to-ceiling-level tem- 
perature differentials obtained with the perimeter 
system have little significance with respect to com- 
fort, they are indicative of lower room heat losses. 
A direct comparison of the fuel consumed by the 
furnace in the two studies shows that the high- 
sidewall system used more fuel than the perimeter 
system. However, as was mentioned in Section 5, 
the ceiling construction had been changed prior to 
the start of the 1952-53 heating investigations to 
eliminate the ceiling panel which had been formed 
by laying gypsum board on top of the steel ceiling 
joints. The heat loss through the uninsulated edge 
of the panel space during the high sidewall studies 
(Series A-11) caused the greater part of the ob- 
served difference in fuel consumption. 

To obtain a comparison of fuel consumption for 
the two systems, the heat loss of the Residence was 
calculated at an indoor-outdoor temperature dif- 
ference of 70 F using temperatures recorded during 
each study. In both cases the ceiling construction 
was assumed to be the same as that used during the 
perimeter heating studies. A summary of the cal- 
culated heat losses is given in Table 6. The increase 
in heat loss resulting from the larger temperature 
differentials of the high sidewall system, of course, 
was greatest at the ceiling, the increase amounting 
to 12.2%. The transmission losses through the other 
exposures also increased so the over-all increase in 
first-story heat loss amounted to approximately 
7%. Wf the entire Residence, including the base- 
ment, is considered, the high-sidewall system would 
be expected to use about 4% more fuel than the 
perimeter system. 

To summarize, based on comparisons of room- 
air temperatures, supplying warm air through 
perimeter outlets provided a more comfortable 
condition than the high sidewall system in which 
warm air was supplied through outlets located high 
on the inside walls. The temperature variations in 
the living zone, in particular, were more satisfac- 
tory with the perimeter systems. The increased 
comfort of the perimeter system was accompanied 
by lower fuel consumption, the calculated difference 
in fuel consumption amounting to 4% at an indoor- 
outdoor temperature difference of 70 F. 
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IV. PERFORMANCE OF SMALL-PIPE PERIMETER HEATING SYSTEM 
WITH HEAT ADDED DIRECTLY TO BASEMENT 


17. System Investigated 


At the conclusion of the 1952-53 heating in- 
vestigation it was felt the addition of heat to the 
basement would improve the performance of the 
perimeter heating systems and might provide satis- 
factory balance on the first story when only six 
first-story supply outlets were used. Therefore, the 
system used during the first investigation was re- 
designed to permit the addition of heat to the base- 
ment. A duct layout of the system during the 1953- 
54 studies is shown on the basement plan of Fig. 10. 
Two perimeter floor diffusers were located in the 
living room, and one floor diffuser was located in 
each bedroom, the bath, and the kitchen-dinette. 
Three outlets of the same size and type were in- 
verted and used as ceiling outlets in the basement. 
The basement outlets were located under rooms 
which in previous studies were not adequately 
heated by a single duct run. Thus, one was located 
under the kitchen and one under each bedroom. 

The first-story return system was essentially the 
same as that used in the previous investigation 
except that the furnace was re-located and the 
return entered the furnace from the opposite side. 
A 9-in. diam round duct was used as a basement 
return. During the four major studies, the entrance 


Table 6 


Calculated Difference in Fuel Consumption for 
Perimeter and High Sidewall Systems (Unheated Basement) 


(Based on Indoor-Outdoor Temperature Difference of 70 F, 
Corresponding to 2 F Outdoor Temperature) 
Calculated Basic Heat Loss Percent Increase 


Perimeter High Wall With 
High Wall 
First Story 
Ceiling 5,220 5,857 12.2 
Glass 11,412 12,151 6.5 
Wall 4,173 4,396 5.3 
Normal Infiltration 9,010 9,380 4,1 
Total First Story 29,815 31,784 6.6 
Basement 
Above Grade 8,375 8,530 1.9 
Below Grade 3,312 2,672 =19..3 
Total Basement. 11,687 11,202 —4,.1 
Total Heat Loss 41,502 42,986 3.6 
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First floor 
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bzza| below joist 


1953-54 heating season 
Series F-2/ and F-24 
Fig. 10. Plan Showing Duct Layout (Heated Basement) 


to the basement return was located 1 ft below 
the floor joist. A short study was conducted with the 


‘basement return in a horizontal position with the 


opening located at the floor level. Each return duct 
was equipped with a damper to permit adjustment 
of the return-air quantity taken from each space. 

Except for additional thermocouples installed on 
the floor and on the underside of the floor, the 
instrumentation was the same as that used during 
the 1952-53 heating investigation. 

To simulate the ability of wood joists to trap 
warm basement air in joist spaces surrounding 
ducts and immediately above basement supply out- 
lets, paper dividers were installed on the open-web 
steel joists and between the joists on 16 in. cen- 
ters. This paper prevented the free flow of air be- 
neath the floor, but had little resistance to heat 
transmission between joist spaces. 


18. Experimental Conditions 


To determine the effect on first-story comfort 
of heating the basement, four series of studies were 
conducted with various amounts of direct heat ad- 
dition to the basement. The smallest amount of 


22 ILLINOIS ENGINEERING EXPERIMENT STATION 


heat added was based on the calculated above 
eround basement heat loss (10,000 Btuh). The 
largest amount was based on the total calculated 
basement heat loss (21,000 Btuh) for an indoor- 
outdoor temperature difference of 70 F. Two inter- 
mediate values were selected for the other two 
studies. 

The fuel-input rate was in each case determined 
from the sum of the calculated losses of the first 
story and basement, and assumed bonnet and duct 
transmission efficiencies of 80 and 100%, respec- 
tively. The 100% duct transmission efficiency is 
generally assumed when considering a heated base- 
ment condition. The fuel-input rate and heat inputs 
to the first story and basement for each study are 
given in the following table: 


Test Fuel Input Heat Input, Btuh 
Series Btuh First Story Basement 
F-21 51,400 31,000 10,000 
F-22 56,400 31,000 14,000 
F-23 61,400 31,000 18,000 
F-24 65,400 31,000 21,000 


The desired fuel-input rates were obtained by 
changing the burner orifice and adjusting the pres- 
sure of the natural gas with the pressure regulator 
at the furnace. Although the furnace was operated 
at less than its rated input, no difficulty from flame 
failure was experienced. 

The blower was adjusted to obtain a 100 F air 
temperature rise through the furnace at each fuel- 
input rate. The calculated total system air-flow 
rates for this condition were 385, 420, 455 and 490 
efm, respectively, in Series F-21, F-22, F-23, and 
F-24. The control settings were the same as those 
used during the unheated basement studies. 

The procedure used to obtain the desired heat 
inputs to the basement was as follows: 

1. Fuel-input rate was set for Series F-21 based 
upon the first-story heat loss (31,000 Btuh), 
and the above-ground basement heat loss 
(10,000 Btuh). The total air-flow rates to the 
first story and basement were set near values 
caleulated for a 100 F rise with a bonnet 
static pressure of approximately 0.190 in. 
water gage. 

2. Individual air-flow rates in the first-story 
runs were adjusted to obtain satisfactory 
room-to-room temperature balance while 
maintaining the same total air-flow rate to 
the first story. 


3. Temperature rise through the furnace was 
then measured and the basement air-flow 
rate was adjusted until a rise of 100 F was 
obtained. During these adjustments the bon- . 
net static pressure was maintained constant. — 

4. In succeeding tests the fuel-input rate was 
adjusted to the desired value. Then only the 
blower speed and basement dampers were 
adjusted until a rise of 100 F was obtained 
with a bonnet static pressure of 0.190 in. 
water gage. 

5. Air-flow rates in the returns were adjusted 
by means of dampers so that the return-air 
flow from each zone equalled that delivered 
to the zone. 

The Residence was furnished but not occupied 
during the investigation. Therefore, the heat addi- 
tion from lights and appliances was considerably 
less than it had been during the 1952-53 investiga- 
tions. This fact would have a negligible effect on 
comfort comparisons since the temperatures re- 
ported herein were measured at 6 a.m. when the 
effects of occupancy were small. However, when 
comparing daily costs of operation the effects of 
oecupaney must be given consideration. 

Since the results obtained with Series F-22 and 
F-23, with 14,000 and 18,000 Btuh basement heat 
input respectively, fell within the trends established 
by Series F-21 and F-24, the discussion below is 
limited to the results obtained during the latter two 
studies. 


19. Uniformity of Room-Air Temperatures 
at the Sitting Level 


To determine the effect of heat addition to the 
basement on the temperature balance of the first 
story, the.system dampers were adjusted during 
Series F-21 to obtain the best balance attainable 
with the required proportion of the air flow being 
supplied to the first story. Since no further adjust- 
ment was made in the dampers and the air temper- 
ature rise through the furnace was the same in all 
studies, the only factor in addition to the heat input 
which could affect the balance was the temperature 
distribution within the furnace bonnet. 

The room-air temperature balance experienced 
on similar days in each investigation is given in 
Table 7. The introduction of heat below the floors 
of those rooms which had previously been under- 
heated when only one 4-in. branch was used had 
little effeet on the room-air temperature balance. 
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Series 


F-21 
F-24 


These rooms were still underheated when enough 
heat was added to the basement (Series F-24) to 
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Table 7 
Room-to-Room Temperature Balance at the Sitting Level (Heated Basement) 
Outdoor Wind Room-Air Temp. at Sitting (30”) Level, F 
Temp., Velocity Direction E.LRm W LRm S BRm Bath N BRm Din. 
F mph 
28.3 9 NNW 72.8 72.8 71.3 72.6 70.9 72.8 
25.0 5 NW 72.7 72.9 W.1 72.0 TLL 72.4 


offset the total calculated basement heat loss. The heat addition. 
addition of heat to the basement did increase the 


floor-surface temperatures which increased the heat 
transmission through the floor to the first story. 
However, since the heat transmission increased 
over the entire area of the floor, as will be shown 
in a later section, it had only a small effect on 
balance. In order to obtain better temperature 
balance by adding heat to the basement, the in- 


Above floor 


Below 


Distance in inches 
Below 


Above floor 


20. Room-Air Temperature Differentials 


South bed 
room 


23 


erease in heat transmission through the floor would 
have to be localized to those areas requiring greater 


Although the addition of heat to the basement 
made no noticeable improvement in the room-to- 
room temperature balance, it did improve the 
room-air temperature gradients and differentials. 
Typical room-air temperature gradients observed 
during average weather are shown in Fig. 11 for 
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Fig. 11. Room-Air Temperature Gradients (Heated Basement) 
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Fig. 12, Average Room-Air Temperature Differentials 
(Heated Basement) 


the two rates of heat imput to the basement. The 
average room-air temperature differentials for the 
same studies are shown in Fig. 12 for the range of 
weather experienced. These data were obtained 
during the early morning hours when the effect of 
the sun was negligible; therefore representing max- 
imum temperature variations which would be ex- 
perienced under normal living conditions. 

From a comparison of the curves in Fig. 11, it 
can be seen that only small improvements in the 
gradients resulted when the heat addition to the 
basement was increased from 10,000 to 21,000 Btuh. 
For example, during the days shown, the average 
living zone temperature differentials were 1.9 F 
and 1.7 F for Series F-21 and F-24, respectively. 
Doubling the heat-input rate to the basement 
caused a decrease of about 0.2 F in the living zone 
differential durmg average weather conditions. 

A more complete representation of the room-air 
temperature variations from floor to ceiling is given 
by the average temperature differentials shown in 
Fig. 12. The differentials in the lower portion of 
the figure were experienced when heat was added 
to the basement at the rate of 10,000 Btuh, the 
caleulated above-grade heat loss. The increase in 
living zone temperature differential for this case 
was about 0.3 F per 10 F decrease in outdoor tem- 
perature. Slightly more than half of this differential 
oceurred between floor and sitting levels and the 
remainder from the sitting to breathing levels. 
When heat was added to the basement at the rate 
of 21,000 Btuh (Series F-24—upper curves in 


Fig. 12), the living zone temperature differential 
increased about 0.18 F per 10 F decrease in out- 
door temperature. Thus, the higher rate of heat 
input to the basement produced the most comfort- 
able condition when considering only temperature — 
variations in the vertical plane. 

A comparison of the differentials for the heated 
basement (Fig. 12) with those for the unheated 
basement (Fig. 5) shows that heating the basement 
had the greatest effect on the floor-to-sitting-level 
temperature differentials. For instance, at an 
indoor-outdoor temperature difference of 70 F (ap- 
proximately 0 F outdoors) the floor-to-sitting-level 
temperature differentials were 2.7, 1.6, and 1.2 F 
for Series F-11, F-21 and F-24, respectively. Thus, 
adding 10,000 Btuh directly to the basement re- 
duced the floor-to-sitting-level differential 1 F. The 
reduction was attributed to the increased panel 
heating effect of the warmer floors. When the base- 
ment was unheated, the floor-surface temperatures 
at the locations of the thermocouple standards were 
generally cooler than the air temperature 4 in. 
above the floor. (See Gradients, Fig. 4) When the 
basement was heated, a layer of warm air formed 
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Fig. 13. Isothermal Contours in Living Room (Heated Basement) 
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beneath the floor causing the floor-surface tempera- 
tures at the same locations to be warmer than the 
air at floor level (see Fig. 12). The heat transfer 
from the warm floor to the air immediately above 
caused the floor-to-sitting-level temperature differ- 
entials to be smaller than those with the basement 
unheated. 

In addition to studying the temperature varia- 
tions in the vertical plane in each room, special 
studies were made in the living room to determine 
the temperature variations in the floor-level and 
sitting-level planes during the studies with heat 
addition to the basement. Air temperatures at the 
two levels were measured at 76 locations by means 
of portable thermocouples. Since the overall pattern 
of temperature variations did not vary appreciably 
with the rate of basement heat addition, the iso- 
thermal contours observed in only one such study 
are presented in Fig. 13. 

At the sitting level the air temperatures ranged 
from 71.38 F near the picture window and between 
diffusers to 74.5 F in the immediate vicinity above 
the floor diffusers. Most of the sitting-level tem- 
peratures were between 72 and 73 F. 


Outdoor temperature 35.4 F, wind 9mph S, no sun 
10,000 Btuh added to basement 
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At the floor level, the temperatures ranged from 
67.0 F near the exposed southeast corner to 72.1 F 
in the northwest corner. About one-fourth the total 
floor area had floor-level temperatures below 70 F. 
This cool area was a result of infiltration from the 
outside door and cool downdrafts of air from the 
partially exposed east wall and the outside door, 
which had a high ratio of glass to wood area. The 
movement of this cool air from the corner by 
natural convection caused the isotherms at the 
floor level to be perpendicular to the exposed south 
wall. The isotherms show that the warm air from 
the east living room diffuser did not reach the 
exposed corner because of the obstruction of the 
warm-air jet caused by the open draperies. 

Although the results indicate that the floor-level 
temperatures near the door could be improved, the 
overall comfort of the living room was considered 
satisfactory because of the uniformity of tempera- 
tures at the sitting level and the absence of cool 
regions near the large glass areas of the exposed 
south wall. 

Isothermal contours in the lying room have 
been published in an earlier Bulletin for a system 
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Outdoor temperature 32.9F, wind 4 mph SE, no sun 


21,000 Btuh added to basement 


Fig. 14. Floor-Surface lsotherms 
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using high sidewall registers. The difference be- 
tween the perimeter and high sidewall isotherms 
was slight. 


21. Floor-Surface Temperatures 


It was stated in the discussion of room-air tem- 
perature differentials that the addition of heat to 
the basement increased the floor-surface tempera- 
tures, thereby improving the comfort of the space. 
The trends in floor-surface temperatures, as was 
the case with the unheated basement, were similar 
in three areas, the furnace, middle and edge areas. 
These general areas are outlined on the floor plans 
of Fig. 14 for the two rates of basement heat addi- 
tion by floor surface isotherms approximated from 
the observed floor-surface temperatures for average 
winter weather. The isotherms were obtained in the 
early morning of a day which was preceded by a 
cloudy day. Although only a limited number of 
floor-surface temperatures were read (52), the lim- 
iting isotherms are reasonably well defined and the 
trends well established. The improvements in floor- 
surface temperature caused by increased basement 
heat addition are evident, especially near the ex- 
posed walls. 

The increase in heat addition to the basement 
necessarily was accompanied by higher air-flow 
rates through the three basement supply outlets. 
The increased rates caused greater spread of the 
warm air leaving the basement diffusers, resulting 
in better distribution of the basement air. Notable 
improvements in floor-surface temperatures caused 
by increased basement heat addition occurred un- 
der the living room picture window, along the west 
wall of the north bedroom, and near the east wall 
of the kitchen. Areas some distance from the base- 
ment outlets, such as the area near the outside door 
in the living room and along the west wall of the 
south bedroom, were affected to a lesser extent by 
the increase in heat addition. When comfort on the 
first story is the primary reason for adding heat to 
the basement, the basement supply outlets should 
be located near the exposed corners. 

The variation of floor-surface temperature with 
changes in outdoor temperature at three locations 
is shown in Fig. 15. The trends at the locations 
shown for the heated basement were similar to 
those with the basement unheated except that the 
temperatures were of greater magnitude. The most 
noticeable difference occurred in the largest and 
most frequently occupied middle area. The tem- 
peratures in this area increased with decreases in 


outdoor temperature when the basement was — 
heated, whereas they remained nearly constant 
with the basement unheated, and were higher with 
the basement heated. 

Increases in the floor-surface temperatures in 
the middle area affect the comfort of the occupied 
space in two ways. First, because of increased heat 
transfer from the floor to the air at the floor level, 
the room-air temperature differentials were re- 
duced. In particular, the temperature differential 
from the floor to sitting level was reduced as shown 
in the preceding section. Secondly, an increase in 
the floor-surface temperature would tend to in- 
crease the mean radiant temperature (MRT) of 
the living space, and therefore, would tend to com- 
pensate for the decrease in MRT accompanying the 
decrease in wall, ceiling, and window surface tem- 
peratures with decreases in outdoor temperature. 
Through its effect on floor-surface temperatures as 
well as its effect upon floor-to-sitting-level tempera- 
ture differentials the addition of heat to the base- 
ment improved the comfort of the living space 
above. 


22. Basement-Air Temperatures 


Although the studies of heat addition to the 
basement were conducted primarily to determine 
the improvement in first story comfort, an addi- 
tional benefit of such heat addition is found in the 
increased comfort and utility of the basement. The 
basement comfort conditions are of particular in- 
terest because of the increased usage of basement 
rooms for recreational purposes. 
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Fig. 15. Effect of Indoor-Oufdoor Temperature Difference on 
Selected Floor-Surface Temperatures (Heated Basement) 
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Fig. 16. Air Temperature Gradients in Basement (Heated Basement) 


Since temperature measurements were made at 
only four levels at three stations in the basement, 
the discussion of comfort conditions is necessarily 
limited. Temperature gradients observed at each of 
the three stations are shown in Fig. 16 for two 
rates of basement heat addition and for two loca- 
tions of basement return-air intake. A comparison 
of the gradients of Series F-21 with those of Series 
F-24 shows that adding greater amounts of heat to 
the basement did not improve the temperature 
eradients. As a matter of fact, the temperature 
difference between the floor and 60-in. levels in- 
creased with increased heat addition. This was at- 
tributed to the greater downward projection of 
warm air from the supply outlets as the heat input 
and consequently the air flow to the basement 
were increased. Smaller temperature variations 
from the floor to 60-in. level would be obtained 
only if the warm air leaving the supply outlets 
reached the floor level. If the supply-air velocities 
were of sufficient magnitude to project the heated 
air to the floor, however, a region of uncomfortably 
high room-air velocities would exist beneath the 
supply outlets. The excessive air velocities would 
be especially noticeable during periods of light 
loads when the supply-air temperatures would be 
relatively low. Although the increased basement 
heat-input rate did not improve the temperature 
gradients, it did result in warmer and more com- 
fortable temperatures at the lower levels. 

A comparison of the gradients of Series F-24H 
and Series F-24 shows the effect of locating the 
return-air intake at the floor level. The basement 


heat-input rates and the air-flow rates in each sup- 
ply outlet were the same in both studies. The 
return-air intake, which was located at the ceiling 
level during Series F-24, was located at the floor 
level during Series F-24H. The floor level intake 
had a relatively small effect on the temperature 
gradients, but it was responsible for higher temper- 
atures at the lower levels. 

Tn these studies, the heat addition to the base- 
ment was controlled by the thermostat located on 
the first story. The furnace operated to maintain 
the control temperature of 72 F on the first story, 
and the basement temperatures varied with the 
amount of furnace operation. The basement-air 
temperature at the sitting level decreased with de- 
creases in outdoor temperature under both rates of 
basement heat addition. With the heat-input rate 
of 10,000 Btuh (Series F-21), the sitting-level tem- 
perature decreased about 0.4 F for each 10 F change 
in outdoor temperature and was about 66.5 F when 
the outdoor temperature was 0 F. When heat was 
added at the rate of 21,000 Btuh (Series F-24), 
the sitting-level temperature decreased less than 
0.1 F for each 10 F decrease in outdoor temperature 
and was approximately 69.3 F when the outdoor 
temperature was 0 F. The latter study indicated 
that a single thermostat located on the first story 
could maintain reasonably constant temperatures 
in both first story and basement rooms of the Resi- 
dence. However, this was attributed to the large 
glass areas in the basement of the Research Resi- 
dence which cause the thermal response of the 
basement to be similar to that of the first story. 
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In basements having small glass areas the need 
for independent controls for each floor would be 
more apparent. 

In general, the results of the study of basement 
air temperatures indicated that the comfort condi- 
tions maintained with overhead supply outlets were 
not entirely satisfactory and that some improve- 
ments would be required if the basement were to 
be occupied. In particular, the cool air tempera- 
tures at the floor and the cool floor-surface indi- 
cated by these air temperatures would have to be 
eliminated, and some improvement in temperature 
gradients would be desirable. If the basement rooms 
were to be occupied only occasionally, the comfort 
obtained with the overhead supply outlets would 
be satisfactory. 
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Fig. 17. Performance Curves for Furnace and Blower 
(Heated Basement) 


In view of the results of this investigation, a 
study of methods of heating basement rooms has — 
been made and will be reported in a subsequent — 
Bulletin. . 


23. Performance of Burner and Blower 


Performance curves for the burner and blower 
are given in Fig. 17 for the range of weather expe- 
rienced during the two studies. In general, little 
difference in the performance of the furnace was 
observed. The fuel consumed by the furnace when 
heat was added to the basement at the rate of 
21,000 Btuh was about 4.5% greater than when 
heat was added to the basement at the rate of 
10,000 Btuh. The increase in fuel consumption 1s in 
good agreement with the calculated basement heat 
losses given for each study in Appendix A. It is 
shown that the basement heat loss increased ap- 
proximately 7% when the heat addition was in- 
creased from 10,000 to 21,000 Btuh. This increase 
resulted from improved air distribution and in- 
creased temperatures in the basement. The 7% 
increase in basement heat loss corresponds to an 
increase of 2% in the loss of the entire Residence. 

Since the fuel consumption was nearly the same 
in both studies, the hours of burner operation, daily 
average bonnet temperature, and daily average flue 
gas temperature were less for the higher rate of 
basement heat addition: The blower operated the 
same amount of time during both studies on days 
with similar outdoor conditions. 

A direct comparison of fuel consumed by the 
furnace for the unheated and heated basement 
studies could not be made since the Residence was 
occupied when the basement was unheated but un- 
occupied when the basement was heated. The heat 
generated by such devices as the stove, lights and 
water heater when the Residence was occupied off- 
set some of the heat loss of the structure, reducing 
the amount of fuel consumed by the furnace. 
Although the vagrant heat gains from appliances 
are not always used to best advantage because of 
their localized influence, they may reduce the 
burner operation during the time they are released. 
The best comparison of cost of heating would thus 
take into account the heat gained from each ap- 
plance as well as that supplied by the furnace. 
Since the actual heat gain from the appliances is 
not known, the total energy input to the appliances 
plus that to the furnace must be used to make the 
desired comparison. Except for the water heater, 
the energy input to the appliances would represent 
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heat gains to the structure. In the gas-fired water 
heater, a portion of the energy input would be lost 
through the flue and a portion would be carried 
away with waste water. 

A comparison of the average total energy input 
to the Residence shows that heating the basement 
increased the energy input approximately 12%. 
This would represent the minimum difference in 
average cost as the water heater usage would be 
maximum when the Residence was occupied. Since 
the appliance heat gains were a small portion of 
the total input, however, the actual difference in 
cost of operation would not be appreciably greater 
than 12%. The difference in fuel consumed with the 
unheated and heated basement was smaller than 
would be predicted from the calculated heat losses 
which was attributed to the heat transmission 
through the floor when the basement was heated 
(see Appendix A). In addition, the basement was 
not truly unheated even though heat was not added 
directly to it through registers. As was stated earlier, 
the vagrant heat gains to the basement from the 
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APPENDIX A: HEAT INPUT TO BASEMENT AND HEAT REGAINS 


THROUGH FIRST-STORY FLOOR 


Frequent mention was made throughout the 
preceding discussion of the effect of heat regains on 
system performance and space comfort. Compari- 
sons of fuel consumption showed that fuel costs did 
not increase proportionately with increased base- 
ment heat addition. Similar observations were made 
during previous heating investigations in Research 
Residence No. 2 and Research Residence No. 1. 
These observations led to comparisons of heat- 
input rates and calculated heat losses which have 
been published in earlier Engineering Experiment 
Station Bulletins. However, no attempt was made 
in either case to determine the magnitudes of the 
basement heat gain from direct and vagrant 
sources, nor was any attempt made to determine 
the portion of the basement heat gain entering the 
heated space above by means of heat transmission 
through the floor. Therefore, it seemed advisable to 
investigate, within the limits of available data, the 
basement heat-input rates, heat transmission 
through the first-story floor, total heat-input rates, 
and calculated heat losses for Residence No. 2. 

A tabulation of these items is given in Table 8. 
The total heat-input rates (Item 6) and actual fuel- 
input rates (Item 5, col. 2, 4, 6) were taken from 
average curves of total energy consumption and 
fuel consumption and graphically extrapolated to 
design conditions. The total energy consumption 
includes the electrical energy used by lights, instru- 
ments and appliances, and the gas consumed for 
cooking and water heating as well as that con- 
sumed by the furnace. 

The amount of heat added to the basement 
from vagrant sources such as the furnace casing, 
the smoke pipe, and the ducts could not be meas- 
ured; therefore, an indirect approach was taken 
to determine the total quantity of heat added to 
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the basement (Item 9) from all sources. Using tem- 
perature data recorded at 6 a.m. and Guide“ coeffi- 
cients 
construction involved, the basement heat loss and 
the heat transmission through the floor were com- 
puted. The sum of these two components of heat 
transfer was taken as the total heat input to the 
basement. Since this analysis assumes the existence 
of steady state heat transfer, the time lag of the 
structure will influence the results. Temperature 
data recorded continuously showed, however, that 
the temperatures used in the estimate were reason- 
ably steady for several hours prior to the 6 a.m. 
readings. Thus, it would be anticipated that the 
error introduced by the assumption of steady state 
heat transfer would not be great. 


Thousands Btuh 


of heat transmission for the types of 


Series F-// - © 
Series F-2/-. 
Series F-24-a 


Total calculated heat input rare 


Measured direct 
heat input rate 


Vagrant 


heat gain 


Design basement heat input rate, thousands Btuh 


Fig. 18. Comparison of Basement Heat-Input Rates and 
Heat Transmission Through Floor 
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Table 8 
Summary of Heat-Input Rates, Calculated Heat Losses and Heat Regains 
Series F-11 Series F-21 Series F-24 
Design Actual Design Actual Design Actual 
Conditions Conditions Conditions Conditions Conditions Conditions 
(1) (2) (3) (4) (5) (6) 

1. Temperature Difference, F 80 80 80 80 80 80 
2. Calculated Heat Loss, Btuh (First Story) 31,047 31,047 31,047 31,047 31,047 31,047 
3. Calculated Heat Loss, Btuh (Basement) 

a) Above Grade 9,620 10,780 11,230 

b) Below Grade 3,127 4,028 4,596 

ce) Total External, no reserve 18,333 12,747 22,433 14,808 22,433 15,826 
4, Total Calculated Heat Loss, Btuh 49 ,380 43,794 53,480 45,855 53,480 46 ,873 
5. Fuel-Input Rate, Btuh 46 ,000 36,000 51,400 47 ,300 65,400 49,600 
6. Total Energy Input Rate, Btuh 44,600 50,000 50,000 
7. Direct Heat Addition to Basement, Btuh 0 0 10,000 9,150 21,000 16,800 
8. Heat Transfer through Floor, Btuh 880 4,040 4,300 
9. Total Calculated Heat Addition to Basement 

(Items 3C +8), Btuh 13 ,627 18,848 20,126 


Columns 2, 4, 6: Values shown are based on data obtained during normal operation extrapolated to design weather conditions. 


Item 2: 


Item 3: 


Item 4: 
Item 5: 


Item 6: 


Item 7: 


Calculated design heat loss based on procedure given in Manual 3 of the NWAHACA. Since the operating temperature equalled the assumed design 

temperature no correction was made in this estimate. 

Col. 1, 3, 5—Calculated design heat loss of basement by procedure given in Manual 3 with no reserve. 

Col. 2, 4, 6—Caleculated with actual basement temperatures and U values determined from Guide data. 

Summation of Items 2 and 3c. 

Col. 1, 3, 5—Fuel-input rate determined from design heat loss, basement heat input and assumed bonnet and duct transmission efficiencies. 

Col. 2, 4, 6—Fuel-input rate required as determined from 24-hr operating data. 

Col. 2, 4, 6—Total heat-input rate including fuel-input rate and rate of heat input to lights and gas and electric appliances. Does not include solar 
heat gain or occupancy. 

Col. 3, 5—Basement heat-input rate adjusted by procedure of Section 18. 

Col. 4, 6—Basement heat-imput rate determined from 24 hr operating data. 


Item 8: Heat transfer calculated from average floor-surface and underside floor-surface temperatures and floor thermal conductance. 
Item 9: Summation of Items 3 and 8, represents sum of vagrant and total heat input to basement. 


Because of the many assumptions made in the 
estimate of basement heat loss, the magnitude of 
this loss (Item 3c, col. 2, 4, 6) may be questioned. 
One indication of the accuracy of the estimate may 
be obtained by comparing the calculated heat loss 
for the entire structure with the total energy input 
rate. The ratios of calculated heat loss for actual 
operating conditions (Item 4, col. 2, 4, 6) to total 
measured heat-input rate (Item 6, col. 2, 4, 6) 
were 0.98, 0.92, and 0.94 for Series F-11, F-21, and 
F-24, respectively. The good agreement in the 
magnitude of these ratios and the fact that the 
calculated loss in each case nearly equals the total 
heat-input rate indicates that a reasonable estimate 
of the heat loss has been obtained. Since the total 
energy input was determined from average curves 
which did not take into account the effect of solar 
radiation, these ratios, which represent the overall 
house efficiency, are somewhat greater than would 
be obtained if solar effects were considered. Never- 
theless, the above comparison indicates the magni- 
tudes of the calculated heat loss are sufficiently 
accurate for the comparison of basement heat-input 
rates and heat transfer rates through the first- 
story floor. 


The total calculated basement heat-input rates, 


‘measured direct basement heat-input rates, and the 


rates of heat transfer through the first-story floor 
(from Table 8) are shown in Fig. 18 as a function 
of the design direct rate of basement heat addition 
for each investigation. It should be noted that the 
values in Table 8 and Fig. 18 apply specifically to 
design conditions. 

In the comparisons of fuel consumption for the 
unheated and heated basement conditions in Sec- 
tion 23 above, it was shown that an increase of 
12% in fuel consumption resulted when the base- 
ment was heated. Because of the conditions of 
occupancy, this comparison was based on the total 
energy input to the Residence rather than on the 
fuel used by the furnace. The observed increase in 
fuel consumption was less than would be antici- 
pated from the calculated heat losses and the as- 
sumption that all of the heat added to the basement 
would be added through the registers installed in 
the basement. The total calculated heat input to 
the basement during the unheated basement study 
amounted to 13,640 Btuh at design conditions. This 
corresponds to about 31% of the total energy input 
to the Residence or 38% of the fuel input to the 
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furnace. All of the heat input to the basement in 
this investigation was gained from vagrant sources. 
Even though the basement was not heated by the 
direct admission of warm air, a considerable amount 
of the heat input to the Residence was used to heat 
the basement. The heat gained in the basement was 
sufficient to maintain the temperatures above 60 F 
even in severe weather. 

When heat was added directly to the basement 
through the overhead supply outlets, the total heat 
input to the basement increased, but the increase 
was less than the amount added through the reg- 
isters (see Fig. 18). The total calculated heat-input 
rates were 18,850 and 20,125 Btuh for design rates 
of direct heat addition of 10,000 and 21,000 Btuh, 
respectively. About one-half of the increase in total 
basement heat addition, approximately 3,000 Btuh, 
was regained to the first story by panel heating 
effect from the warm floor surface. The remainder 
of the increased basement heat addition was lost to 
the outdoors through the exposed basement sur- 
faces. The increase in external heat loss caused the 
increase in fuel consumption. 

With the furnace adjusted by the procedure of 
Section 18 to obtain a desired design rate of direct 
heat addition to the basement, the design rate would 
be added only when the burner operated continu- 
ously. The rate of direct heat addition, under actual 
conditions of operation, depended upon the amount 
of burner operation required to satisfy the heat loss 
of the first story. Since the heat loss of the first 
story was satisfied in design weather by less than 
continuous burner operation, the actual rate of 
direct heat addition was less than the design rate. 
As the heat-input rate to the basement was in- 
creased, the difference between the design and 
actual conditions become more pronounced and at 
the maximum design heat-input rate the measured 
direct heat addition was only 80% of the design 
value. The difference between design and actual 
conditions was attributed to the increased heat 
transmission through the floor and to the reduction 
of the duct heat losses resulting from heating the 
basement. A comparison of the total and direct 
heat-input curves of Fig. 18 shows that the vagrant 
heat gains (the difference between the total and 
direct heat-input rates) decreased with increased 
direct basement heat addition. The reduction in 
vagrant heat gains attributed to increased base- 
ment heat addition is clearly indicated by the bon- 
net and flue gas temperatures of Fig. 17. At the 
higher rate of direct heat addition (Series F-24) 


the average bonnet and flue gas temperatures were — 
lower than those for the smallest rate of direct heat © 
addition. The bonnet and flue gas temperatures for 
the unheated and heated basement conditions can- 
not be compared because of the influence of oc- 
cupancy. 

The heat transferred through the first-story floor 
increased from 880 Btuh (6.5% of total basement 
heat input) with the basement unheated (Series — 
F-11) to 4,300 Btuh (21.4% of total basement heat 
input) when the basement was fully heated (Series 
F-24). The amount of heat transferred through the 
floor when the basement was not heated is of inter- 
est to the designer and installer of perimeter heat- — 
ing systems since it confirms the frequently made 
assumption that the heat loss through floors in 
homes built over basements and heated with warm- 
air heating systems can be neglected in design heat 
loss estimates. However, the amount of heat trans- 
ferred through the floor is not of sufficient magni- 
tude to be included in duct design procedures as a 
means of increasing the apparent register capacity 
of a specific duct run. 

The heat transferred upward through the floor 
during the studies with direct basement heat addi- 
tion was equivalent to 14% of the calculated heat 
loss of the first story. In other structures the 
amount of heat transferred through the floor would 
not necessarily be of the same magnitude as the 
values determined in this investigation. The con- 
struction of the basement walls, especially the above 
grade portion, and the construction of the first- 
story floor together with the total amount of heat 
added to the basement from all sources are the 
factors which must be considered. In Residence 
No. 2, the construction of the basement wall above 
grade consisted of approximately equal areas of 
8-in. lightweight aggregate concrete block plas- 
tered on one side, and frame insulated with 35 in. 
batt-type mineral wool insulation. The over-all 
coefficient of heat transmission, U, for the first- 
story floor, which was constructed of gypsum plank, 
pressed cement asbestos board and asphalt tile, 
was 0.46 Btuh per sq ft (F). Thus, for the same 
temperature between the floor joists, the heat trans- 
fer through the floor of Residence No. 2 would be 
greater than that in homes with double wood floors 
[U-value = 0.34 Btuh per sq ft (F)]. The heat 
loss through the imsulated frame construction of 
the wall above grade would be less than the heat 
loss through conventional basement construction. 
Consequently, the basement temperature below the 
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floor would be higher in Residence No. 2 for the 
same total heat input to the basement. Thus, it 
may be concluded that with average basement con- 
struction, the heat transfer through the floor would 
be a smaller percentage of the total basement heat 
input. Although the heat transferred through the 
floor during the heated basement studies was of 
considerable magnitude, the inclusion of this heat 
regain in design procedures cannot be justified be- 
cause of the complex calculations and the uncertain 
amount of heat that will be added to a particular 
basement from the many sources of heat. It seems 
sufficient to be aware that the regains exist and that 
they cause differences between design and actual 
operating conditions. 

To summarize, the reduction in vagrant heat 
gains to the basement and the increase in heat 
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transmission through the first-story floor caused 
the differences between design and actual operating 
conditions when heat was added to the basement. 
The increased fuel costs resulting from heating the 
basement were offset by the improvements in room- 
air and floor-surface temperatures. The difference 
in the effect on first-story comfort of adding heat 
to the basement at rates equal to the above grade 
heat loss (10,000 Btuh) and the total calculated 
heat loss (21,000 Btuh) was small. The basement 
temperatures were improved, however, by adding 
heat at the greater rate. The improvement in air 
distribution accompanied the greater air-flow rates 
required at the higher heat-input rate. Since little 
difference in operating costs was observed for the 
two rates of basement heat addition, the higher 
rate would be preferred. 


APPENDIX B: TEMPERATURE DROP IN 4-IN. DIAMETER DUCTS 


During the 1952-53 heating season, studies were 
conducted to determine the temperature drop in 
4-in. diam ducts. The primary objective of these 
studies was to verify temperature drop data which 
had been obtained by extrapolation of previously 
published data for ducts of 6-in. diameter and 
larger. An additional objective was to determine 
the effect of heating the basement on temperature 
drop in the first-story ducts. 

The duct system was the same as that used in 
Series F-11, and the individual ducts were of vari- 
ous measured lengths and included different num- 
bers of adjustable elbows. The system air-flow rate 
was held constant throughout the studies at the 
amounts required for the heated and unheated 
basement conditions. The fuel-input rate to the 
furnace was varied to obtain several bonnet-air 
temperatures to permit determination of the effect 
of entering-air temperature on the temperature 
drop. The air temperatures entering and leaving 
each test duct were measured by means of thermo- 
couple grids having four parallel hot junctions 
located at the centers of equal areas. The average 
duct-air velocities were obtained by means of a 


standard pitot tube traverse. All data were obtained 
under equilibrium conditions. 

The actual duct-air velocities ranged from 500 
to 740 fpm and to permit comparison of the rates 
of temperature drop in the various ducts, the meas- 
ured rates were corrected for a velocity of 600 fpm 
by use of factors presented in Engineering Experi- 
ment Station Bulletin No. 351. The velocity- 
corrected rates of temperature drop for an entering 


Table 9 
Rate of Temperature Drop in 4-In. Diameter Ducts 


Duct Measured No. Rate of Temperature Drop, F/ft 
Length Elbows Unheated Heated 
ft Basement Basement 
L Rm E 22.5 4 1.49 1.37 
SBRmS 22.5 2 1.33 1.18 
NBRm N 15 1 1.34 1.09 
L Rm W 15 2 1.29 1.09 


temperature of 170 F and the physical character- 
istics of the test ducts are listed in Table 9 for the 
heated and unheated basement conditions. The 
major differences in the rates of temperature drop 
for each condition of basement heating were attrib- 
uted to the differences in ambient temperature. 
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Fig. 19. Average Temperature Drop in 4-in. Diameter Ducts for Velocity of 600 FPM 


Although the instrumentation was not sufficient 
to obtain an average ambient temperature for each 
duct, available data show that the greatest rates 
of temperature drop were associated with the low- 
est ambient temperatures. Differences in ambient 
temperature also account for the different tempera- 
ture drop rates for the heated and unheated base- 
ment conditions. The results were inconclusive as 
to the effect of elbows on the rate of temperature 
drop. However, the effect of elbows appears to be 
smaller than the effect of ambient temperature at 
the velocities and temperatures which would be 
experienced in residential foreed warm-air systems. 

The relationship of temperature drop rate and 
entering-air temperature was used to construct 
temperature-length curves for each test duct. In the 
procedure used, a long duct was considered to 
consist of several short sections which were the 
length of the test duct. The leaving temperature of 
the first section was calculated and used as the 
entering temperature of the subsequent section to 
obtain the rate of temperature drop for that sec- 
tion. This procedure was repeated until the tem- 
perature at the end of a 90 ft duct was obtained. 
The arithmetic average of the four temperature- 


length curves obtained for each condition of base- 
ment heat addition and the curve obtained by 
graphical extrapolation of the data in Engineer- 
ing Experiment Station Bulletin No. 351 are shown 
in Fig. 19. Good correlation of the extrapolated 
data and that of the unheated basement was ob- 
tained. The difference in the temperature-length 
curves was also a result of differences in ambient 
temperature. For design purposes the conservative, 
extrapolated data are preferred. The addition of 
heat to the basement reduced the temperature drop 
because of increased ambient temperatures; how- 
ever, a considerable drop did occur. 

The overall duct heat losses in the first story 
ducts were measured during the study and were 
found to be approximately 15% of the fuel input 
attributable to the first story. This corresponds to 
an over-all duct transmission efficiency (ratio of 
duct heat loss to heat available in bonnet) of 78% 
for the unheated and 83% for the heated basement. 

In designing forced warm-air heating systems 
for homes with unheated basements, the selection 
of furnace capacity is frequently based on a duct 
transmission efficiency of 85%. This value, together 
with an assumed bonnet efficiency of 80%, was 
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used to determine the fuel-input rate to the furnace 
during the unheated basement investigation (Series 
F-11). The results of the investigation show that 
the furnace had little reserve capacity during peri- 
ods when the heat gains from solar radiation and 
cooking were small. In view of this fact, it would 
have been advisable to use a duct transmission 
efficiency of 80% to determine the fuel-input rate 
for the unheated basement investigation. This 
would have resulted in a reserve furnace capacity 
of 8% based upon the calculated heat loss of the 
first story and basement as determined in Appendix 
A for actual conditions. A better method of furnace 
selection proposed in a previous report) considers 
the heat loss of the entire structure even when the 
basement is not heated by the direct admission of 
warm air from registers. 

The duct transmission efficiency was less than 
the 100% generally assumed in the design of forced 
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warm-air heating systems installed in heated base- 
ments. The lower transmission efficiency was offset 
by the heat regains through the floor in Residence 
No. 2. The performance of the system was not 
noticeably affected by the difference between de- 
sign and actual conditions. 

In summary, the temperature drop data for 4-in. 
ducts obtained by extrapolation of data presented 
in Engineering Experiment Station Bulletin No. 
351 was found to be in good agreement with the 
measured temperature drop when the basement of 
Research Residence No. 2 was unheated. Adding 
heat directly to the basement reduced the tempera- 
ture drop because of the increased ambient tem- 
peratures to which the ducts were exposed. The 
over-all duct transmission efficiencies were found 
to be 78% for the unheated basement and 83% for 
the heated basement. 


